Abstract: The three-dimensional architecture and function of nucleic acids strongly depend on the presence of metal ions, among other factors. Given the negative charge of the phosphate-sugar backbone, positively charged species, mostly metal ions, are necessary for compensation. However, these ions also allow and induce folding of complicated RNA structures. Furthermore, metal ions bind to specific sites, stabilizing local motifs and positioning themselves correctly to aid (or even enable) a catalytic mechanism, as, for example, in ribozymes. Many nucleic acids thereby exhibit large differences in folding and activity depending not only on the concentration but also on the kind of metal ion involved. As a consequence, understanding the role of metal ions in nucleic adds requires knowing not only the exact positioning and coordination sphere of each specifically bound metal ion but also its intrinsic site affinity. However, the quantification of metal ion affinities toward certain sites in a single-stranded (though folded) nucleic acid is a demanding task, and few experimental data exist. In this Account, we present a new tool for estimating the binding affinity of a given metal ion, based on its ligating sites within the nucleic acid. To this end, we have summarized the available affinity constants of Mg2+, Ca2+, Mn2+, Cu2+, Zn2+, Cd2+, and Pb2+ for binding to nucleobase residues, as well as to mono-and dinucleotides. We have also estimated for these ions the stability constants for coordinating the phosphodiester bridge. In this way, stability increments for each ligand site are obtained, and a dear selectivity of the ligating atoms, as well as their discrimination by different metal ions, can thus be recognized. On the basis of these data, we propose a concept that allows one to estimate the intrinsic stabilities of nucleic acid-binding pockets for these metal ions. For example, the presence of a phosphate group has a much larger influence on the overall affinity of Mg2+, Ca2+, or Mn2+ compared with, for example, that of Cd2+ or Zn2+. In the case of Cd2+ and Zn2+, the guanine N7 position is the strongest intrinsic binding site. By adding up the individual increments like building blocks, one derives an estimate not only for the overall stability of a given coordination sphere but also for the most stable complex if an excess of ligating atoms is available in a binding pocket saturating the coordination sphere of the metal ion. Hence, this empirical concept of adding up known intrinsic stabilities, like building blocks, to an estimated overall stability will help in understanding the accelerating or inhibiting effects of different metal ions in ribozymes and DNAzymes. 
or Zn 2+ . In the case of the latter two metal ions, the guanine N7 position is the strongest intrinsic binding site. By adding up the individual increments like building blocks, one receives an estimate not only for the overall stability of a given coordination sphere, but also for the most stable complex if an excess of ligating atoms is available in a binding pocket saturating the coordination sphere of the metal ion. Hence, the here described empirical concept of adding up known intrinsic stabilities, like building blocks, to an estimated overall stability will help to understand the accelerating or inhibiting effects of different metal ions in ribozymes and DNAzymes.
Introduction
Nucleic acids are macromolecules carrying a negative charge due to their phosphate diester backbone.
Consequently, the nucleotide units present require an equal amount of cations. These are mostly Na + , K + and Mg
2+
, though some other divalent metal ions or positively charged organic residues may also be present. The "intensity" of the interaction between metal ions and nucleic acids can be described by adsorption isotherms which provide kind of "averaged" binding constants. 1 Yet such "average" affinities are not very helpful because, e.g., Mg 2+ may be directly involved in the three-dimensional folding of a nucleic acid and in ribozymes it may participate in the reaction process; 2,3 hence, such metal ions are bound to distinct sites but their affinities have hardly been quantified.
It was Szent-Györgyi who (to the best of our knowledge) first pointed out more than 50 years ago the relevance of nucleobase-metal ion interactions by proposing a Mg
-chelate of ATP ( Figure 1A ).
4

Figure 1
This structure contains severe shortcomings: 5 (i) At the physiological pH of about 7.5, especially if a metal ion is coordinated, the triphosphate group no longer carries any protons.
(ii) For the present more important: (C6)NH 2 of the adenine residue does not bind metal ions. This group has no basic but rather acidic properties, i.e., with pK a about 17 it may release a proton. 6 (iii) Of a more subtle nature: Binding of Mg 2+ to N7 does not occur significantly innersphere but rather outersphere, i.e., a coordinated H 2 O forms a hydrogen bond to N7. 5, 7 A more realistic coordination pattern is shown in Figure 1B ,C. 5, 7, 8 Nevertheless, Szent-Györgyi's structure 4 had a tremendous influence because it triggered the interest of biochemists and coordination chemists in the metal ion-binding properties of nucleotides, 8, 9 and thus indirectly also in nucleic acids.
Evidently, nucleobase residues must be involved in the formation of metal ion-binding pockets as they occur, e.g., in ribozymes. Therefore, we propose an empirical stability concept for metal ion , Cd 2+ , and Pb 2+ as they follow from measurements with nucleosides. This allows to develop affinity sequences for the nucleobases shown in Figure 2 . Next, the M 2+ affinity of Figure 2 the phosphodiester bridge was estimated and integrated into the sequences. The stability increments obtained in this way were thereafter complemented by data obtained from the M
2+
-binding properties of dinucleotides. These results are then extrapolated to obtain estimates of the stability constants for binding pockets in nucleic acids.
Metal Ion-Affinity Sequences for Nucleobase Residues
The nucleotide units of DNA contain mostly adenine, guanine, cytosine, and thymine. RNA has the same residues except that thymine is replaced by the closely related uracil. The two purine and the cytosine residues contain imidazole-and pyridine-type nitrogens well suited for M 2+ binding ( Figure   2 ). There is nothing the like in uracil or thymine as long as (N3)H is not deprotonated and this requires exceptional conditions at physiological pH. 10 Hence, uracil and thymine offer commonly only their carbonyl groups which bind M 2+ very weakly with the assistance of a primary binding site.
10,11
As a consequence we need to consider the M 2+ -binding properties of the adenine, guanine, and cytosine residues. These are best quantified as their nucleosides (Ns) according to equilibrium 1: Table 1 The nucleoside-complex stability decreases in the order Guo > Cyt > Ado for all seven M 2+ considered. The problem is that these complexes are formed with neutral nucleosides, i.e., the effect that the negative charge of the phosphodiester bridge, RO-P(O) 2 Table 2 ;
note, no macrochelate formation involving the monoprotonated phosphate group is considered.
15 Table 2 The so-called micro stability constants (k) of Table 2 quantify the M 2+ affinities of nucleobases and the affinity sequences summarized in Figure 3 (lower part; black values) evolve from these constants. Though the absolute sizes of the values differ for the various M
2+
, the order within the sequences remains the same. However, the affinity change from site to site may differ much depending on the M 2+ involved, thus indicating selectivity.
Inclusion of the Phosphodiester Bridge into the Affinity Sequences for Nucleic
Acids
Unfortunately no stability constants of relevant phosphodiesters are known. Therefore we estimated stability constants for the M 2+ considered here in three ways:
(i) As the charge of a phosphate diester, 2 2 (RO) PO , corresponds to that of formate, 2 HCO , and acetate, 3 2 CH CO , their complex-stability constants 21, 22 gave one data series.
(ii) Next, we extrapolated the known log
H straight-line plots 8, 11, 18, 20 which hold for phosphate monoesters, R-PO 3 2 , in the pK a range from about 4.5 to 8, to pK a = 1, the approximate acidity constant 23 of a phosphate diester, giving another set of constants.
(iii) Finally, we used the stability differences between complexes formed with diphosphate monoesters (R-DP 3-) and their monoprotonated form, log
. 24 These logarithmic differences reflect the effect of the proton and were subtracted from the stability constants, However, there is another point: Compared to the individual nucleobases present in a nucleic acid, the phosphodiester bridge occurs in excess because with each nucleobase a diester bridge is connected.
If one assumes, to make matters easy to handle, that the four main nucleobases of RNA and DNA occur in about equal amounts, then the anionic phosphodiester bridge has a 4-fold excess. Application of this statistical factor leads to eq 3:
The resulting micro stability constants quantifying the affinity of the phosphodiester bridge, in combination with the stability data in Table 2 , provide the individual log affinity constants of the various sites as given in Figure 3 (upper part). In the lower part the affinity sequences for each M 2+ are Figure 3 given for the five nucleobases and the single-charged phosphodiester bridge: For Mg 
Figure 4
Because the uracil residue has no remarkable M 2+ affinity, 24, 28 as long as (N3)H is not deprotonated, 10 one expects M 2+ binding to pUpU 3- at the terminal phosphate group with the potential to form 10-membered chelates involving the neighboring phosphodiester bridge. Since any additional interaction of the terminal phosphate-coordinated M 2+ must be reflected in an increased complex stability 29 it is best to insert the results 23 for the M 2+ /pUpU 3-systems into straight-line plots of
H , which hold for simple phosphate monoester and phosphonate ligands. 8, 11, 20, 23 Figure 5
In Figure With the known parameters for the straight-line plots, the expected stabilities based on pK H(pUpU ) H = 6.44±0.02 can be calculated. 23 These values are listed in Table 3 (column 3) together with the observed Table 3 stability enhancements (column 4) as defined in eq 4, where (d)pNpN 3-represents any dinucleotide:
These differences are all positive but those for the Mg 2+ , Mn
2+
, and Cd 2+ complexes are identical within their error limits. Considering that the binding affinities toward liganding sites differ considerably 7, 21, 22 for these three metal ions (column 2), the present result can only mean that this stability enhancement, on average log M/pUpU/charge = 0.24±0.04, 23 is the reflection of the charge at the neighboring phosphodiester unit, which M 2+ coordinated to the terminal phosphate group "feels". Hence, only 
This extra stability enhancement is generally defined by eq 6a, and for pUpU 3-by eq 6b:
The position of the intramolecular equilibrium 5 (see ref 23 ) is given by the dimensionless constant K I of eq 7,
and the formation degree of the closed species by eq 8: , Mn 2+ , and Cd 2+ complexes the formation degrees are zero within the error limits, yet, due to these errors small amounts (up to 15%) 23 of the chelated species could still exist.
Studies of a Dinucleotide Allowing Macrochelate Formation
Macrochelate formation of guanosine 5'-phosphates involving N7 is wellknown [7] [8] [9] and therefore also expected for the dinucleotide d(pGpG) 3- (Figure 4) Figure 5 ). 15 Comparison of the experimentally obtained stability constants for the four systems studied (Table 4 , column 2; defined in analogy to eq 1) with the values calculated for the M(R-PO 3 ) complexes Figure 6 exist. 15 The formation degrees of the various Figure 6 species were calculated by applying known procedures; 20 the results 15 are summarized in Table 5 together Table 5 above view is a simplification because two N7 positions of the two pre-oriented guanine residues (via
-are present (see also Figure 6 , legend). 27, 30 This is in accord with a comparison of the data summarized in Table 6. 31 Table 6 The stability enhancements log M/d(pGpG) * of the M[d(pGpG)] -complexes are on average by about 0.3 log unit larger than the ones determined for M(dGMP), log M/dGMP (Table 6 , column 4).
Since the possibility of intranucleotide macrochelate formation of the phosphate-coordinated M 2+ with guanine-N7 (possibly involving (C6)O in an outersphere manner) 9 is identical in both complexes, the additional stability increase by 0.3 log unit of M[d(pGpG)] -means that a further interaction must occur with the neighboring nucleotide. Self-stacking of guanine residues is wellknown (e.g., To summarize, the stability enhancements of column 4 in Table 6 hold for a single intranucleotide
Instead, the larger values of column 2 apply for a three-/four-point interaction involving the neighboring GMP unit (see Figure 7) . If chelate formation in nucleic acids is considered, in both instances the charge effect of 0.24±0.04 needs to be added ( (Table 4 , columns 5,6). In the latter case the dinucleotide can freely rotate around the bridging phosphodiester and thus adjusts easily to the steric requirements for the formation of the 10-membered chelate. With d(pGpG) 3-the same kind of Pb 2+ binding is inhibited because the intramolecular stack needs first to be "broken" or at least reduced to allow formation of the 10-membered chelate. This is a nice example how metal ion coordination may enforce a structural change in a nucleic acid.
Application of the Summarized Stability Increments to Nucleic Acids
In many nucleic acids a metal ion is coordinated to a phosphodiester bridge (e.g., Figure 7 ) and we propose now, that if one wants to consider, e.g., Mg 2+ binding to a phosphodiester unit and a nucleobase, one needs to add up the two increments of 1.05 for initial phosphate binding ( Figure 3 ) and 0.79 for the nucleobase coordination ( Should an experimental value be smaller than the sum of the increments considered here, this is an indication that not all coordination sites of M 2+ are filled by ligating sites of the nucleic acid. In addition: (i) We estimate that the approximate error limit for the sum of the stability increments for a given binding pocket is about ±0.3 log unit.
(ii) Less important, the values used are partly a combination of ribose and 2'-deoxyribose data because no other stability constants are available.
However, we believe that this shortcoming is of relatively little influence and only on the order of about ±0.1 log unit (see Table 4 in ref 27). Hence, the estimated values for a DNA-binding pocket may actually be enlarged and those for an RNA pocket reduced by about 0.1 log unit. This difference can be attributed to the higher hydrophobicity of DNA compared with RNA. 27 Unfortunately, the known stability increments that need to be added to the stability constant due to the M 2+ -phosphodiester interaction ( Figure 3 ) are limited to Mg 2+ , Zn 2+ , and Cd 2+ (Table 4 , column 4). However, it may be noted that the stability enhancement, log Mg/d(pGpG) = 0.79±0.07 is very close to log k = 0.76±0.29 estimated for the guanine-N7/Mg 2+ interaction (Table 2, Table 6 ).
Mg 2+ Binding in the Ribosome. Some Statistical Considerations
The large ribosomal subunit of Haloarcula morismortui was analyzed at a resolution of 2.4 Å with respect to its metal ion-binding sites. 32 This subunit comprises 3045 nucleotides and thus the same number of negative charges. In total 88 Na + /K + could be identified and 116 Mg 2+ were localized in the structure determination. This means, 320 negative charges are neutralized corresponding to about 10.5% of the phosphodiester-bridge charges. Furthermore, the 116 Mg 2+ ions identified represent only a small fraction (7.6%) of the divalent metal ions needed for charge compensation; i.e., the overwhelming part of these ions is only very loosely bound and not fixed in a certain site. However, the relatively tightly bound cations are crucial for the structural stability and reactivity of the RNA.
Only two of the 116 localized Mg 2+ in this RNA subunit are exclusively protein-bound, but 106 interact with the phosphates in accord with the prediction of Figure 3 . From the in total 116 Mg 2+ 26
form an innersphere 10-membered chelate with a neighboring phosphate bridge. This corresponds to about 22% which is somewhat above the upper limit of 15% estimated for aqueous solution (Section 4). However, in such a complicated RNA fold as the ribosome, hydrogen bonding and stacking between the building blocks add steric restraints and rigidity to the backbone, increasing the chance of Figure 3 ) + 0.79 (Table 4) (Table 4 ; column 4)].
There are also 22 intranucleotide macrochelates involving an adenine residue but none contains N3 of a cytosine residue. This is understandable because in the more stable 17 anti conformation N3 of cytosine points away from a metal ion at the phosphodiester bridge. Interestingly, the ratio of 50 Mg The carbonyl oxygens of the pyrimidine nucleobases can only be considered as minor binding sites: no innersphere coordination of cytosine-O2 to Mg 2+ could be detected, and only one to uracil-O2 and three to uracil-O4. If one also takes outersphere coordination into account, uracil-O4 remains the major binding site among the pyrimidine carbonyls. 25 Mg 2+ coordinate through a water molecule to uracil-O4, six to uracil-O2, and nine to cytosine-O2.
Conclusions and Outlook
In this Account we have first summarized the available quantitative information regarding M 2+ binding to nucleobase residues. Next, we estimated stability constants for M 2+ coordination to the phosphodiester bridge and by taking into account the simultaneous binding of a metal ion to various sites as it can occur in dinucleotides, we developed an empirical concept that allows to estimate 14 intrinsic (or micro) stability constants for "cavities" formed by nucleic acids.
Comparison with the few available experimental data allowed to verify the concept which will be helpful to predict stability constants for given micro environments within large nucleic acids. However, the outlined concept will need adjustments and fine tuning, e.g., by actually measuring the various M 2+ affinities of phosphate diesters and by studying complex stabilities of dinucleotides like pGpU 3- , pUpG 3-, pGpA 3-, and pApG 3-. Yet, from the examples given, it is evident that the concept of adding up stability increments works and provides the intrinsic (or micro) stability constant of a certain cavity in a nucleic acid with a reasonable accuracy.
Overall, the concept allows conclusions about which metal ions preferably bind at which sites of a nucleic acid, and in which cases the coordination sphere of a metal ion bound to a nucleic acid is only partially saturated. Finally, the concept should be helpful in improving our understanding of the interactions and equilibria between metal ions and single stranded nucleic acids, and consequently especially towards RNAs and ribozymes. Table 2 (rounded values) and eq 3.
Lower part: M
2+
-affinity sequences for single-stranded nucleic acids with the phosphodiester groups highlighted in red. "~" means the complex-stability difference is below 0.2 log unit, ">" indicates a difference larger than 0.2 log unit, and ">>" a stability difference of more than 0.5 log unit. 
